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Abstract 

Psychedelic drugs such as lysergic acid diethylamide (LSD) were used extensively in psychiatry 
in the past and their therapeutic potential is beginning to be re-examined today. Psychedelic 
psychotherapy typically involves a patient lying with their eyes-closed during peak drug effects, 
while listening to music and being supervised by trained psychotherapists. In this context, music 
is considered to be a key element in the therapeutic model; working in synergy with the drug to 
evoke therapeutically meaningful thoughts, emotions and imagery. The underlying mechanisms 
involved in this process have, however, never been formally investigated. Here we studied the 
interaction between LSD and music-listening on eyes-closed imagery by means of a placebo- 
controlled, functional magnetic resonance imaging (fMRI) study. Twelve healthy volunteers 
received intravenously administered LSD (75 pg) and, on a separate occasion, placebo, before 


Correspondence to: Imperial College London, Burlington Danes Building, Hammersmith Campus, 160 Du Cane Road, London W12, UK. 
E-mail address: m.kaelen@imperial.ac.uk (M. Kaelen). 

http://dx.doi.Org/10.1016/j.euroneuro.2016.03.018 

0924-977X/© 2016 Elsevier B.V. and ECNP. All rights reserved. 


Please cite this article as: Kaelen, M., et al., LSD modulates music-induced imagery via changes in parahippocampal connectivity. 
European Neuropsychopharmacology (2016), http://dx.doi.Org/10.1016/j.euroneuro.2016.03.018 




2 


M. Kaelen et al. 


being scanned under eyes-closed resting conditions with and without music-listening. The 
parahippocampal cortex (PHC) has previously been linked with (1) music-evoked emotion, 
(2) the action of psychedelics, and (3) mental imagery. Imaging analyses therefore focused on 
changes in the connectivity profile of this particular structure. Results revealed increased PHC- 
visual cortex (VC) functional connectivity and PHC to VC information flow in the interaction 
between music and LSD. This latter result correlated positively with ratings of enhanced eyes- 
closed visual imagery, including imagery of an autobiographical nature. These findings suggest a 
plausible mechanism by which LSD works in combination with music listening to enhance certain 
subjective experiences that may be useful in a therapeutic context. 

© 2016 Elsevier B.V. and ECNP. All rights reserved. 


1. Introduction 

Humans have chosen to alter their consciousness via psy- 
chedelic drugs for millennia, and often in combination with 
music (Nettl, 1956). In the 1950s and 1960s, psychedelic 
drugs such as lysergic acid diethylamide (LSD) were used in 
psychotherapy, and modern clinical trials are re-examining 
their therapeutic potential (Bogen schutz et al., 2015; 
Gasser et al., 2014; Grob et al., 2011; Johnson et al., 
2014). Since the inception of psychedelic-assisted psy- 
chotherapy, music-listening has been considered an impor- 
tant component in the therapeutic model (Bonny and 
Pahnke, 1972 ). It is believed that music acts synergistically 
with the drug to enhance emotionality, mental imagery, and 
access to personal memories (Bonn y an d Pa hnke , 1972; 
Grof, 1980; Kaelen et al., 2015). The main aim of the 
present study was to investigate the brain mechanisms 
underlying the effects of LSD and music on mental imagery. 

The characteristic subjective effects of LSD and other 
psychedelics such as psilocybin are thought to depend on 
agonist actions at the serotonin 2A receptor (Glennon 
et al., 1984; Vollenweider et al., 1998 ). The serotonin 2A 
receptor is expressed on “excitatory” deep layer pyramidal 
cells, as well as on a smaller proportion of “inhibitory” 
interneurons ( Andrade, 2011; Celada et al., 2013 ). Its 
activation depolarises the cell membrane of the host 
neuron, increasing its likelihood of firing (Aghajanian and 
Marek, 1999 ). Although expressed throughout the neo- 
cortex (P azos et al., 1987 ), the serotonin 2A receptor is 
especially highly expressed in high-level association cor- 
tices, including the anterior cingulate cortex (ACC), pos- 
terior cingulate cortex (PCC) and insula, but also in the 
visual cortex (VC) and, to a lesser extent, the entorhinal 
cortex ( Erritzoe et al., 2009; Ettrup et al., 2014; Pazos 
et al ., 1987). Not surprisingly, functional neuroimaging 
studies revealed altered activity in these brain regions 
during serotonin 2A receptor agonist-induced psychedelic 
states (Carhart-Harris et al., 2012a; Muthukumaraswamy 
et al., 2013; Riba et al., 2002; Vollenweider et al., 1997 ). 


Of particular interest to the present study are the effects 
of psychedelics and music-listening on activity in the 
parahippocampal cortex (PHC). The PHC is an important 
hub within the medial temporal lobe (MTL) (Burwellj, 2000; 
Eichenbaum and Lipton, 2008 ), and it's acute functioning is 
appreciably altered by psychedelics as determined by fMRI 
( Kometer et al., 2015; Tagliazucchi et al., 2014 ), depth EEG 
( Monroe et al., 1957; Schwarz et al., 1956 ) and PET 
( Vollenweider et al., 1997 ). Furthermore, attenuation of 
the subjective and behavioural effects of LSD were observed 
after resection of the MTLs in humans (Serafetinides,_J965) 
and chimpanzees (Ramey and O'Doherty, 1960). 

Activation of the PHC is found during spatial navigation 
(Aguirre and D’Esposito, 1999; Epstein, 2008 ), imagining 
scenes ( Spreng et al., 2009 ), emotional arousal (LaBar and 
Cabeza, 2006; Smith et al., 2004) and personal memory 
recall (Fink et al., 1996). Importantly, the PHC is also 
implicated in music-evoked emotion (Baumgartner et al., 
2006; Gosselin et al., 2006; Koelsch, 2014 ) and music-evoked 
personal memories (Janata, 2009). Damage to the PHC can 
result in impaired music-evoked emotion ( Gosselin et al., 
2006 ) and visual deficits ( Harding et al., 2002; Hensley-Judge 
et al., 2013 ), whereas direct stimulation of the PHC can 
produce visual hallucinations of scenes (Megevand et al., 
2014), autobiographical memories ( Vignal et al., 2007 ) and 
dream-like states ( Bancaud et al., 1994; Barbeau et al., 
2005; Bartolomei et al., 2004), accompanied by enhanced 
coupling between the PHC and the VC (Barbeau et al., 2005). 

These insights motivated the present hypothesis that LSD, 
in combination with music-listening, modulates PHC func- 
tional connectivity. This hypothesis was tested using func- 
tional magnetic resonance imaging (fMRI) and a balanced- 
order, placebo-controlled design. Participants completed 
ratings of eye-closed visual imagery and spontaneous auto- 
biographical memory recollection. Acute changes in PHC 
functional connectivity informed a subsequent Dynamic 
Causal Modelling (DCM) analysis that assessed how music 
and LSD interact to change the direction of information flow 
between the PHC and the VC (i.e. effective connectivity). 


’By the late 1960s there existed, broadly speaking, two schools of thoughts around the therapeutic use of psychedelics - and these differed 
in the significance they attributed to music. In the United States, higher dosages of psychedelics were administered, with the goal to 
facilitate a peak- or mystical-type experience to promote long lasting change in personality traits and behaviour. Here, music was typically 
played for the entire duration of the drug effects, with intermittent periods of silence. In Europe, psycholytic therapy became more widely 
practiced. This method involved more frequent administration of lower dosages of a psychedelic, and with more interaction between 
therapist and patient. Music was played for to help with relaxation, or to support intermittent periods of introspection. 
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2. Experimental procedures 

2.1. Approvals 

This study was approved by the National Research Ethics 
Service (NRES) committee London - West London and was 
conducted in accordance with the revised declaration of 
Helsinki (2000), the International Committee on Harmonisa- 
tion Good Clinical Practice guidelines and National Health 
Service (NHS) Research Governance Framework. Imperial 
College London sponsored the research which was con- 
ducted under a Home Office license for research with 
schedule I drugs. 

2.2. Participants 

Twenty participants (16 males and 4 females) were 
recruited, carefully screened for physical and mental health 
and provided written informed consent before participa- 
tion. The screening for physical health included electro- 
cardiogram (ECG), routine blood tests, and urine test for 
recent drug use and pregnancy. A psychiatric assessment 
was conducted and participants provided full disclosure of 
their drug use history. Key exclusion criteria included: being 
younger than 21 years of age, having a personal history of 
diagnosed psychiatric illness, an immediate family history of 
a psychotic disorder, an absence of previous experience 
with a classic psychedelic drug (e.g. LSD, mescaline, 
psilocybin or dimethyltryptamine (DMT), drug use within 
6 weeks of the first scanning day, a persistent adverse 
reaction to a psychedelic drug, pregnancy, problematic 
alcohol-use (i.e. >40 units consumed per week), and/or a 
medically significant condition rendering them unsuitable 
for the study. 

2.3. Study setting and overview 

Screening took place at Imperial's clinical research facility 
at the Hammersmith hospital campus. All study days were 
performed at Cardiff University Brain Research Imaging 
Centre (CUBRIC). Eligible participants attended two study 
days that were separated by at least 14 days. LSD was 
received on one of the study days, and placebo on the other. 
The order of receipt of LSD was balanced across partici- 
pants, and they were kept blind to this order but the 
researchers were not. 

On scanning days, volunteers arrived at the study centre 
at 8:00 am, were given a detailed brief about the study day 
schedule, gave a urine test for recent drug-use and preg- 
nancy, and carried out a breathalyser test for recent 
alcohol-use. A cannula was inserted into a vein in the 
antecubital fossa by a medical doctor and secured. Partici- 
pants were encouraged to close their eyes and relax in a 
reclined position while the drug was administered. All 
participants received 75 pg of LSD, administered intrave- 
nously via a 10 ml solution infused over a two minute 
period, followed by an infusion of saline. Dosing was 
followed by an acclimatisation period of approximately 
60 min, in which (for at least some of the time) participants 
were encouraged to relax and lie with their eyes closed 


inside a mock MRI scanner. This functioned to prepare the 
participants for the subsequent (potentially anxiogenic 
(Studerus et al., 2012)) MRI scanning experience. 

Participants reported noticing subjective drug effects 
between 5 and 15 min post-dosing, and these approached 
peak intensity between 60 and 90 min post-dosing. The 
duration of a subsequent plateau of drug effects varied 
among individuals but was generally maintained for approxi- 
mately four hours post-dosing. BOLD MRI scanning started 
approximately 120 min post-dosing, and lasted for approxi- 
mately 60 min. This included a structural scan, arterial spin 
labelling (ASL) fMRI, and BOLD fMRI. After the MRI scanning, 
magnetoencephalography (MEG) scanning was performed 
but these findings will be reported elsewhere. Once the 
subjective effects of LSD had sufficiently subsided, the 
study psychiatrist assessed the participant's suitability for 
discharge. 

3. Experimental design 

Each fMRI scanning session involved three eyes-closed 
resting state scans, each lasting seven minutes. After each 
seven minute scan, visual analogue scale (VAS) ratings were 
performed in the scanner via a response-box. The music- 
listening scan always occurred after the first resting state 
(no music) scan and before a final resting-state scan (no 
music). The music itself was triggered by the first TR, and 
listened to via MRI compatible headphones (MR Confon). 
Two seven-minute long excerpts (A and B) were selected 
from the album Yearning, by ambient artist Robert Rich and 
classical Indian musician Lisa Moskow. Pre-study assessments 
confirmed the two excerpts to be balanced for their 
emotional potency. Each participant listened to both sti- 
muli, in a balanced order across conditions. Volume- 
maximisation and broadband compression was carried out 
using Ableton live 9 software. 

Prior to each scan, participants were instructed via a 
display screen to close their eyes and relax. Prior to the 
music scan, the music volume was adjusted to a level that 
was “as loud as possible, without being unpleasant” and 
then maintained for each condition. When the music ended, 
participants were instructed to open their eyes and rate the 
degree of simple visual imagery (i.e. “with my eyes closed I 
saw colours or geometric patterns”) and complex visual 
imagery (i.e. “with my eyes closed I saw complex visual 
imagery”) they experienced. Complex imagery was pre- 
defined as: static or dynamic images of objects or entities 
(e.g. plants, buildings, people or animals) and complex 
scenes. Items were completed on a continuous visual 
analogue scale from 0 (“not at all”) to 20 (“extremely 
intense”). Soon after the MRI scanning session was com- 
plete, participants rated some further VAS items that 
assessed their subjective experience during scanning. The 
VAS item “I saw scenes from my past” was selected for 
special consideration because of personal memory recollec- 
tion being consistently associated with PHC functioning 
( Fink et al., 1996; Spreng et al., 2009 ), as well as a prior 
hypothesis inspired by previous findings (Carhart-Harris 
et al., 2012b ) that this would be modulated by the experi- 
mental conditions. 
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3.1. MRI scanner and data pre-processing 

All imaging was performed on a 3T GE HDx system. For 
registration and segmentation of functional images, an 
initial 3D FSPGR anatomical scan was obtained in an axial 
orientation, with field of view=256 x 256 x 192 and 
matrix=256 x 256 x 192 to yield 1-mm isotropic voxel reso- 
lution (TR/TE = 7. 9/3.0 ms; inversion time=450ms; flip 
angle = 20°). Functional images were acquired using a 
gradient echo planer imaging sequence, TR/TE = 2000/ 
35 ms, field-of-view=220 mm, 64 x 64 acquisition matrix, 
parallel acceleration factor=2, 90° flip angle. Thirty five 
oblique axial slices were acquired in an interleaved fashion, 
each 3.4 mm thick with zero slice gap (3.4 mm isotropic 
voxels). The precise length of each of the BOLD scans was 
7:20 min. 

Preprocessing utilised a combination of AFNI (Cox, 1996), 
FSL (Smith et al., 2004b), Freesurfer ( Dale et al., 1999 ) and 

ANTS (Avants et al., 2011). After brain extraction (Free- 
surfer), anatomical images were segmented into their three 
underlying tissue types: cerebrospinal fluid (CSF), grey 
matter (GM) and white matter (WM) (fast, FSL) and regis- 
tered to a 2 mm MNI152 template using affine (ANTS), 
followed by non-linear transformation (SyN, ANTS). Anato- 
mical images also underwent segmentation to define sub- 
cortical structures (Freesurfer). 

One participant was excluded from analyses because of 
early termination of the scanning due to him reporting 
significant anxiety. Three participants were excluded from 
analyses due to technical problems with the sound delivery 
and four more subjects were discarded from the group 
analyses due to excessive head movement. This leaves a 
total of twelve participants that entered the group ana- 
lyses. Principally, motion was measured using frame-wise 
displacement (FD) (Power et al., 2014). The criterion for 
exclusion for excessive head movement was subjects dis- 
playing higher than 15% scrubbed volumes when the scrub- 
bing threshold is FD=0.5. After discarding these subjects, 
we reduced the threshold to FD=0.4. The between- 
condition difference in mean FD for the 4 subjects that 
were discarded was 0.286 ±0.1 85 and for the 12 subjects 
that were used in the analysis the difference in mean FD 
was 0.049 ±0.029 (mean FD for placebo was 0.085 ±0.028 
and mean FD for LSD was 0.134±0.037, p=0.0001). 

Functional images were pre-processed according to the 
following sequence: (1) Removal of first three volumes (2) 
de-spiking (3dDespike, AFNI), (3) slice time correction 
(3dTshift, AFNI), (4) motion correction (3dvolreg, AFNI), 
(5) brain extraction (bet, FSL), (6) rigid body registration to 
anatomical scans (nine subjects with FSL's BBR, one subject 
with Freesurfer's bbregister and two subjects manually), 
(7) transformation of functional to MNI 2 mm space, using 
previously calculated transformation matrix from the ana- 
tomical scans, (8) motion scrubbing using an FD threshold of 
0.4, and replacement with the mean of neighbouring 
volumes (mean percentage of volumes scrubbed for placebo 
and for LSD was 0.5% ± 1 and 1 .9% ±2.2, respectively. 
Maximum volumes scrubbed for scan was 7.8%), (9) spatial 
smoothing with a Gaussian kernel of 6 mm (FWFIM) (3dBlur- 
InMask, AFNI), (10) band-pass filtering between 0.01 and 
0.08 Hz (3dFourier, AFNI), and (11) linear and quadratic 
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de-trending and regression of 9 nuisance parameters: 6 
motion-related (3 translations, 3 rotations) and 3 
anatomically-defined . 

The anatomically defined regressors consisted of Ventri- 
cles (Freesurfer), Cerebrospinal fluid (CSF) (FSL's FAST with 
Freesurfer's Ventricles subtracted) and White matter (WM) 
(FSL's FAST with Freesurfer's subcortical grey-matter sub- 
tracted). All three masks were eroded to reduce partial 
volume effects and were used to extract nuisance time- 
series from an unsmoothed version of the pre-processed 
functional data. The CSF and Venticles were used to extract 
a single mean time-course for each mask, while WM mask 
was used to produce a voxelwise regressor (3dLocalStat, 
AFNI). Voxelwise WM regression has been found to outper- 
form approaches using whole-brain averaged WM signal (Jo 
et al., 2010, 2013). 

3.2. Subjective effects 

A two-way repeated measures ANOVA with two factors (drug 
condition and music condition) was performed to test for an 
interaction between LSD and music on in-scanner ratings of 
simple and complex hallucinations. A paired one-tailed t- 
test was performed to examine between-condition differ- 
ences in the post-scanner questionnaire item “I saw scenes 
from my past”. 

3.3. Seed-based functional connectivity analysis 

A bilateral PHC region of interest (ROI) was acquired from 
the Flarvard anatomical atlas tool and used to extract PHC 
time series for each subject. To begin with, a general linear 
model (GLM) was used (FEAT, FSL) to model whole brain 
resting state functional connectivity with the PHC seed, 
with correction for autocorrelations (FILM, FSL) for each run 
separately. Next, a fixed-effects model was used to compare 
music versus non-music runs for each subject, for LSD and 
placebo separately. Finally, these drug effects (LSD versus 
placebo) were fed into a higher-level mixed effects model 
(FLAME1 , FSL) to calculate the modulation of the effects of 
music by LSD on PHC functional connectivity across the 
brain (cluster correction threshold z>2.3, p<0.05). 

3.4. Dynamic causal modelling: background and 
implementation 

Dynamic Causal Modelling (DCM, as implemented in SPM12b) 
was used to estimate changes in effective connectivity. DCM 
is a biologically-informed modelling procedure that estimates 
the causal interactions (i.e. effective connectivity) between 
different pre-selected nodes of a network, and the changes in 
coupling strength between and within those nodes (extrinsic 
and intrinsic connections respectively) due to experimental 
manipulations (Friston et al., 2003). The basic architecture of 
a model is defined by structurally plausible and functionally- 
informed brain regions, whose connections are defined as 
either bilinear (i.e. information flow between regions) or 
non-linear (i.e. activity in one region modulating information 
flow between regions). Typically, experimental manipulations 
can directly affect activity in each node (as ‘driving inputs’) 
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or alter the strength of coupling within or between nodes (as 
‘modulatory inputs’). 

In the present study, all six scans were concatenated in 
the following order: placebo no-music (NM), placebo music 
(M), placebo NM, LSD NM, LSD M, LSD NM. The measured 
BOLD time-series for the DCM were extracted as the first 
principal eigenvalue from a bilateral PHC and VC mask (The 
PHC mask was defined by Harvard-Oxford atlas, and the VC 
mask was defined by results of the PHC functional con- 
nectivity analysis, i.e. the occipital cluster), and adjusted 
for the effects of interest (i.e. main effect of music, main 
effect of drug, and an interaction effect - described below). 
Between-node connections were defined as bilinear mean- 
ing that information flow could be modulated in either 
direction. Three experimental inputs entered the model as 
modulatory inputs: a main drug effect, a main music effect, 
and an interaction effect of music and drug (0.5-1 0.5-0. 5 1- 
0.5). Due to the resting-state conditions of the scanning, 
activity in the nodes was driven by stochastic (i.e. sponta- 
neous) fluctuations (Li et al. , 2011). 

3.5. Dynamic causal modelling: Bayesian model 
selection 

In DCM, a series of plausible models, representing compet- 
ing hypotheses, are specified. Each model corresponds to a 
hypothesis about how observed changes in BOLD signal were 
caused by changes in neural activity in each network node. 
The different models can vary in terms of the position of 
driving and modulatory inputs. DCM uses a biophysical 
model of the hemodynamic response to predict the under- 
ling neuronal activity - and the underlying (changes in) 
connectivity - from the observed BOLD signal (see 
Figure 2D). Model estimation, or inversion, returns condi- 
tional estimates for the changes in connectivity and scores 
the model in terms of its accuracy and complexity (using a 
Free Energy bound on log model evidence). Bayesian Model 
Selection (BMS) is used to compare different models to 
identify the model with the greatest evidence - i.e. the 
model that offers the best explanation of the data. In the 
present study, one “full model” was specified, with all three 
experimental inputs modulating all extrinsic and intrinsic 
connections. Following inversion of this full model, a post 
hoc Bayesian model optimisation scheme was used to 
identify the model structure with the greatest model 
evidence (i.e. lowest free energy). This approach provides 
an efficient scheme for scoring large numbers of competing 
models ( Frist on and P enny , 2011). Optimal model structure 
is usually determined by computing Bayes factors, as an 
approximation of the model evidence. A Bayes factor of 20 
corresponds to a belief of 95% in the statement that a 
particular hypothesis (i.e. the proposed model) is true, and 
therefore a p-value of 0.05. A Bayes factor higher than 150 
corresponds to a belief of 99% in the hypothesis, and 
equates a p-value smaller than 0.01 . A Bayes factor higher 
than 20 is therefore considered as strong evidence for the 
proposed model ( Penny et al., 2004). After model selection, 
coupling parameters are analysed post-hoc to characterize 
the size and direction of the changes in connection strength 
caused by the experimental manipulations. Coupling para- 
meters quantify the strength of the coupling in terms of the 


rate (in Hz) at which a response is caused in a given region, 
and modulation is expressed as either an increase or 
decrease in this coupling measure. 

3.6. Correlations with subjective effects 

Following model selection, the hypothesis was tested that 
the magnitude of the modulation in effective connectivity 
by the music x drug interaction would explain the observed 
variance in participants’ subjective responses to the music 
under LSD. More specifically, we asked whether the size of 
the interaction effect as estimated by the DCM, correlated 
with the magnitude of the enhancement of (1) eyes-closed 
imagery and (2) visions of one's past (“I saw scenes from my 
past”). A spearman's correlation was used due the non- 
parametric nature of the data. 

4. Results 

4. 1 . Participant demographics 

The data from twelve participants were found suitable for 
data-analysis (2 female, mean age=33±9 years, range 22-47 
years). All had at least one previous experience with a classic 
psychedelic drug. Mean estimated lifetime LSD-use was 
12 + 15 (range=0-40). Self-estimates of other drug-use were 
as follows (mean±SD, range): weekly alcohol units=8±8, 0- 
28; daily cigarettes=0; lifetime cannabis uses=686 + 625, 
30-2000; lifetime MDAAA uses=20+18, 2-50; lifetime psilocy- 
bin/magic mushroom uses=10±9, 1-35; lifetime ayahuasca/ 
DMT uses=14 + 21, 0-50; lifetime ketamine uses=3 + 6, 0-20; 
lifetime cocaine uses=6±8, 0-20; lifetime amphetamine 
uses=6 + 11, 0-35; lifetime heroin uses=1+3, 0-10. 

4.2. Subjective effects 

A paired f-test revealed a significant increase in personal 
memory recollection under LSD (t=1.9, df = 19, p=0.04). 
For simple hallucinations, a two-way ANOVA revealed a 
significant drug effect (F= 42.2, df = 1 8, p< 0.001) but no 
significant effects were found for music (F=1.7, df = 1 8, 
p= 0.2) or the interaction between music and LSD (F= 1.1, 
df =18, p= 0.3). For complex hallucinations, a two-way 
ANOVA revealed a significant drug effect (F= 24.7, df = 1 8, 
p<0.001), a trend level effect of music (F=10.0, df = 1 8, 
p=0.09), but again, no significant interaction effect for 
music x LSD (F=1 .8, df = 1 8, p= 0.5). Drug effects on simple 
and complex hallucinations survived multiple comparisons, 
using Bonferroni adjusted alpha levels of 0.025 per test 
(0.05/2). 

4.3. Functional connectivity 

Seed-based functional connectivity analysis of the bilateral 
PHC showed a positive interaction between music and LSD 
for the contrast LSD (music versus no music) versus placebo 
(music versus no music), with increased coupling between 
the PHC and two main clusters: One being the bilateral 
visual cortex and the other being the left inferior frontal 
gyrus (see Table 1 and Figure la). No decreases in PHC 
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Table 1 Brain regions showing increased coupling with the parahippocampus. 


Cluster 

Region 

Lateralization 

Size (mm) 

Peak z-score 

Peak coordinates (mm) 

Occipital 

Calcarine fissure 

L 

3722 

4.02 

8, -76,8 


Calcarine fissure 

R 

4516 

4.02 

6, -84,8 


Cuneus 

L 

4190 

3.62 

4, -80,6 


Cuneus 

R 

2732 

3.44 

-8,-88,10 


Lingual cortex 

L 

4600 

3.29 

6, -78,4 


Lingual cortex 

R 

3052 

3.28 

-6,-76,20 


Superior occipital gyrus 

L 

5036 

3.07 

26, -78, -2 


Fusiform gyrus 

R 

2848 

2.74 

12,-70,22 


Inferior frontal Middle frontal cortex 

L 

3380 

3.52 

-30,32,-8 

Inferior frontal gyrus, opercular 

L 

5058 

3.47 

-44,36,22 

Inferior frontal gyrus, triangularis 

L 

9726 

3.33 

-42,38,22 

Precentral gyrus 

L 

7052 

3.28 

-56,2,28 

Inferior frontal gyrus, orbitalis 

L 

2076 

3.27 

-44,12,18 

Insula 

L 

3716 

3.11 

-32,22,14 


A B 



Figure 1 Seed-based functional connectivity analysis of the bilateral parahippocampus. (A) Brain regions showing increased 
coupling (displayed in yellow, cluster-corrected, Z> 2.3) with the bilateral PHC (displayed in red) for the contrast LSD (music > no 
music) > placebo (music > no music) (the left side of the brain is shown on the right side of the brain in these images, as if the body is 
being viewed through the soles of the feet). Significant effects were observed in the primary visual cortex, left anterior insula, and 
left inferior frontal cortex. (B) Coupling between the PHC and the visual cortex under LSD and placebo (NM=No Music, M=Music) 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 


functional connectivity were observed for this contrast. A 
two-way repeated-measures ANOVA on z-scores for the VC 
did not show a significant effect of drug (F=0.49, df = 1 1 , 
p= 0.5) or music (F= 2.27, df = 1 1 , p=0.16), but did reveal 
an interaction effect of music and LSD (F= 17.04, df = 1 1 , 
p=0.002) (see Figure 1b. for a plot of the z-scores). 


4.4. Dynamic causal modelling 

Post-hoc model optimisation determined the optimal model 
structure. The optimal model had a Bayes factor 344 higher 
than the preceding model architecture. This equates, in a 
frequentist statistical approach, to a p-value much smaller 
than 0.01, and is therefore considered as strong evidence 
for the model. The optimal model features a main effect of 
drug and music modulating the intrinsic connections of both 
nodes, and an interaction effect modulating the connection 
from the PHC to the VC. Group averages for the posterior 
estimates are -0.41 ±0.05 Hz for drug effect on PHC, 
-0.42±0.06Hz for music effect on PHC, -0.38 + 0.06 Hz 
for drug effect on VC, and -0.40±0.06 Hz for music effect 
on VC. The group average of the posterior estimate for the 
interaction effect is 0.02 ±0.04 Hz (Table 2 ). 


4.5. Correlations 

A significant positive correlation was found between the 
interaction effect of LSD and music on PHC to VC effective 
connectivity, and increases in the in-scanner ratings for 
complex visual imagery (Spearman's p=0.71, with p=0.01, 
and Pearson r=0.65, with p=0.03). A trend-level positive 
correlation was found between the interaction effect of LSD 
and music on PHC to VC, and the post-scanner questionnaire 
item “I saw scenes from my past” (Spearman p= 0.67, with 
p= 0.02, and Pearson r= 0.69, with p=0.01). These tests 
were conducted using Bonferroni adjusted alpha levels of 
0.0167 per test (0.05/3) (see Figure 3). 


5. Discussion 

The present study has demonstrated that increased PHC-VC 
effective connectivity during music-listening under LSD 
correlates with enhancements in eyes-closed mental-ima- 
gery. These results are consistent with current thinking on 
the role of the PHC in mental imagery, and provide new 
insights into the brain mechanisms by which psychedelics 
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Figure 2 Dynamic Causal Modelling. (A) Time series that enter the DCM are extracted as first principal eigenvalues from the PHC 
mask and the VC mask (the latter is defined by the seed-based functional connectivity result) (Dale et al. , 1999). The full DCM that 
enters the Bayesian model selection (BMS) after model estimation. The model has two nodes (PHC and VC) that are connected via 
extrinsic bilinear connections, and each node has one intrinsic connection. Every connection has three modulatory effects: D = main 
drug effect, M=main music effect, l = lnteraction effect. The nodes are driven by stochastic fluctuation. (C) Post-hoc model 
optimisation determined the optimal model structure. Dashed lines indicate a negative connection or modulation, whereas normal 
lines indicate a positive connection or modulation. This model has the main effect of drug and the main effect of music modulating 
the intrinsic-connections of both nodes. The interaction effect has a modulatory effect on the connection from PHC to VC. (D) The 
sum estimated neural activity in each node is convolved by the hemodynamic response function to yield a predicted BOLD response. 
The predicted BOLD response is compared to the observed BOLD response to determine how well the model explains the data. 
Displayed are predicted and observed time-series from one subject for illustration purposes. (E) Scatterplots illustrate model fit by 
correlation of predicted verses observed BOLD responses for both regions. 


Table 2 Pearson correlation coefficients from all par- 
ticipants for predicted versus observed BOLD signals for 
visual cortex (VC) and parahippocampus (PHC). 


Participant 

VC 

PHC 

1 

0.95 

0.94 

2 

0.91 

0.97 

3 

0.89 

0.91 

4 

0.92 

0.95 

5 

0.88 

0.93 

6 

0.91 

0.93 

7 

0.97 

0.95 

8 

0.82 

0.87 

9 

0.93 

0.90 

10 

0.92 

0.96 

11 

0.88 

0.86 

12 

0.85 

0.94 


may enhance some of the subjective effects of music- 
listening. 

The PHC is implicated in the generation of visual mental 
imagery (Brewer et al., 1998; Epstein, 2008 ), personal 
memory recollection ( Fink et al., 1996; Spreng et al., 
2009) and music-evoked personal memories (Janata, 
2009). Within the MTL system, the PHC primarily functions 
to encode and retrieve context- related memory content 
( Ranganath and Ritchey, 2012 ), which is consistent with 


complex rather than simple visual imagery. Direct structural 
( Catani et al., 2002 ) and functional ( Libby et al., 2012; 
Powell et al., 2004 ) connections between the PHC and the 
VC have been detected, and increased information flow 
from the PHC to the VC (i.e. effective connectivity) has 
previously been found to occur during the construction of 
visually imagined scenery (Chadwick et al., 2013 ). Interest- 
ingly, direct stimulation of the PHC can produce visual 
hallucinations of complex scenes (Megevand et al., 2014) 
and autobiographical memories (Bancaud et al., J994; 
Bartolomei et al., 2004), and there is evidence that this is 
related to a strengthening of PHC-VC coupling (Bar beau 
et al., 2005). Damage to the PHC can result in visual neglect 
( Hensley- Judge et al., 2013 ) visual hallucinations ( Harding 
et al., 2002) and hippocampal damage has been linked to an 
impaired ability to imagine complex scenes ( Cooper et al., 
2011 ). 

In sum, these findings suggest that PHC-VC effective 
connectivity constitutes an important pathway for the 
construction of visual imagery (Chadwick et al., 2013; 
Zeidma n et al., 2014). Mechanistically, increased informa- 
tion flow from the PHC to the visual cortex may correspond 
to an increase in top-down (prior) information (instantiated 
by PHC activity) being conferred on activity in the lower 
levels of the visual system (that normally processes incom- 
ing visual information) ( Aguirre and D' Esposito, 1999; Libby 
et al., 2012; Summerfield et al., 2006 ). The present study 
has shown that the combination of LSD and music modulates 
information flow from the PHC to the VC, and that the 
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Figure 3 Correlation analyses suggest that the interaction between LSD and music induces certain subjective experiences via 
increasing the influence of PHC activity on VC activity. Changes in coupling parameters are displayed on the x-axis and are 
significantly correlated with: (A) increases in complex visual imagery (T-axis) (i.e. musiorest for LSD>placebo) and (B) increases 
in visions of one's personal past (T-axis) (i.e. LSD > placebo). 



B 








magnitude of this modulation predicts enhanced visual 
imagery. Importantly, this correlation was only evident for 
the complex visual imagery item (defined as the eyes-closed 
hallucinations of objects, entities and scenes), and not for 
simple imagery (defined as low-level visual features such as 
colours and patterns). We therefore propose that the 
experience of perceiving complex imagery whilst listening 
to music under LSD may be the result of an enhanced gain 
on circuits (such as the PHC to VC circuit) that normally 
confer complex, top-down information about (a potential) 
visual scene. Perceiving complex scenes in the absence of 
visual input may therefore result from a “flip” in the normal 
direction of information flow within the visual system such 
that higher-level components of the system, responsible for 
processing high-level features, take precedence over incom- 
ing sensory information. 

The PHC possesses high baseline connectivity with high- 
level cortical regions such as those that make-up the so- 
called default-mode network ( Raichle et al., 2001; Ward 
et aj^, 2014). Linder normal conditions, the top-down inhibi- 
tory control over PHC activity is provided by projections from 
the posterior cingulate cortex (PCC), the retrosplenial cortex 
(RSC) and the medial prefrontal cortex (mPFC), that termi- 
nate on interneurons within the PHC (Mohedano-Moriano 
et al., 2007; Morris et al., 1999; Vann et al., 2009 ). The 
RSC, PCC and mPFC express notably high levels of serotonin 
2A receptors (Err itzoe et al.. 2009), and psychedelics have a 
dysregulating effect on activity within these regions 
(Carhart-Harris et al., 2012a; Muthukumaraswamy et al., 
2013). The dysregulating effect of psychedelics on activity in 
these cortical regions may compromise their ability to 
maintain top-down control over the PHC. Indeed, reduced 
functional connectivity between the PHC and the RSC has 
been observed after both psilocybin and LSD (Carhart-Harris 
et al., 2014 ). Thus, the effects of psychedelics on the PHC's 
inhibitory afferents may increase its sensitivity and respon- 
siveness to stimuli that normally engage it, such as music 
( Koelsch, 2014; Mitterschiffthaler et al., 2007; Trost et al., 
2012 ) or odour ( Jung et al., 2006 ). 

Effects of sound on eyes-closed visual experiences under 
LSD have been reported since its discovery. Albert Hoffman, 
who discovered the powerful psychoactive effects of LSD by 
accidentally intoxicating himself, describes his experience 


in his memoir (Hoffman, 1970): “It was particularly remark- 
able how every acoustic perception, such as the sound of a 
door handle or a passing automobile, became transformed 
into optical perceptions. Every sound generated a vividly 
changing image, with its own consistent form and colour.” 
Such experiences are often compared to synaesthesia, a 
neurological condition characterized by involuntarily sen- 
sory experiences (for example seeing a colour) in response 
to a different sensory stimulus (for example, hearing a 
sound). Synaesthesia is characterized by responses that are 
consistent to a specific stimulus (Ward, 2013), and it is 
therefore not possible to say to what extent the audio-visual 
experiences reported under LSD can be formally be termed 
“synesthetic” in the conventional sense. The present results 
do, however, suggest a plausible mechanism via which such 
experiences can arise, and highlight how psychedelics can 
inform on the neuroscience of sensory processing. 

5.1. Implications for psychedelic-assisted 
psychotherapy 

Music is an effective medium for evoking emotion (Trost 
et al., 201 2) and autobiographical memories ( Janata, 2009; 
Janata et al., 2007 ) and these effects of music have been 
therapeutically exploited ( Castillo-Perez et al., 2010; 
Erkk ila et al., 2011). Music may serve to deepen the 
psychedelic experience by enhancing emotional engage- 
ment (Kaelen et al., 2015) and stimulating personally 
meaningful mental imagery (Carhart- Harris et al., 2012b). 
The findings of the present study help to elucidate the 
mechanisms by which music and psychedelics can do this 
but further research is required to test its therapeutic value 
directly. 

5.2. Limitations 

No interaction was found between LSD and music on in- 
scanner subjective ratings, whereas connectivity analyses 
did show a significant interaction effect on PHC-VC cou- 
pling. Since enhanced PHC-VC coupling via the interaction 
between LSD and music correlated with complex mental 
imagery, this could be explained by individual differences in 
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subjective response to LSD and music, and perhaps appraisal 
of the subjective experience. For example, it may have 
been the case that some participants disliked the genre of 
music or were distracted by the considerable ambient noise 
emitted by the MRI machinery. Some participants may also 
have been emotionally relaxed by the particular music that 
was chosen, rather than emotionally stimulated. Further 
work is required to test these different hypotheses. For 
example, a study could be designed that incorporates more 
than one genre of music (e.g. emotionally relaxing music 
versus emotionally evocative and/or arousing music). 
Finally, the present results cannot be extrapolated to a 
patient population, in which the music x psychedelic inter- 
action is thought to be especially important (Bonny and 
Pahnke, 1972; Kaelen et al., 2015). Subsequent work is 
therefore needed to further our understanding of how music 
and psychedelics interact and how this may be useful for 
psychedelic-assisted therapy. 


6. Conclusions 

The present study revealed a positive interaction between 
LSD and music on PHC functional and effective connectivity. 
More specifically, a modulation of PHC to VC connectivity 
was observed that correlated positively with eyes-closed 
visual imagery, and particularly imagery of a complex and 
autobiographical nature. These results extend our under- 
standing of circuitry involved in visual imagery and suggest 
how LSD and music can work in synergy to enhance this 
phenomenon. The present results provide the beginnings of 
a mechanistic explanation for the role of music listening in 
psychedelic drug-assisted psychotherapy; however, a large 
amount of work is required to develop our understanding of 
whether and how psychedelic-assisted psychotherapy can 
be effective. 


Role of funding source 

The Beckley Foundation provided financial and intellectual support, 
and the study was conducted as part of a wider Beckley-lmperial 
research programme. The researchers also received financial sup- 
port from the Walacea.com crowd-funding campaign. The report 
presents independent research carried out at the NIHR/Wellcome 
Trust Imperial Clinical Research Facility. The Beckley Foundation 
and the Walacea crowd-funding campaign had no further role in 
study design; in the collection, analysis and interpretation of data; 
in the writing of the report; and in the decision to submit the paper 
for publication. 


Contributors 

MK designed and coordinated the study, carried out data collection, 
undertook data analyses and wrote the first draft of the manuscript. 
LR, JK, ASR, CO and RL undertook data analyses. MB, TW and LW 
carried out data collection. FSB, MBW, AF helped designing the 
study.SM and DJN helped designing and coordinating the study. RCH 
designed and coordinated the study, and carried out data collection 
and writing of the manuscript. All authors contributed to and have 
approved the final manuscript. 


Conflict of interest 

Author MBW's primary employer is Imanova Ltd., a private company 
that performs contract research work for the pharmaceutical and 
biotechnology industries. All other authors declare that they have 
no conflicts of interest. 

Acknowdgements 

This research received financial and intellectual support from the 
Beckley Foundation (Grant number: P41825) and was conducted as 
part of a wider Beckley-lmperial research programme. The 
researchers would like to thank supporters of the Walacea.com 
crowd-funding campaign who played a crucial role in securing funds 
to complete the study. 

Appendix A. Supplementary material 

Supplementary data associated with this article can be 
found in the online version at http://dx.doi.org/10.1016/ 
j.euroneuro.201 6.03.01 8. 


References 

Aghajanian, G.K., M arek, G.J., 1999. Serot o nin, via 5-HT2A rece p- 
tors, increases E PSCs in layer V pyramida l cells o f pre frontal 
cortex b y an asynchro n ous mode of glutama t e rel ease. Brain 
Res. 825, 161-171. 

Ag uirre, G.K., D' Es posit o, M., 1999. Topograph ical disorien tation: a 
synthesi s and tax onom y. Brain^ 1 22, _J 61 3-J628. 

And rade, R., 2011. S eroto ner gic regula tion o f neuro n al exci tability 
in the prefrontal cortex. Neuropharmacology 61 , 382-386. 

Avants, B.B., Tustison, N.J., Song, G., Cook, P.A., Klein, A., Gee, J. 
C., 2011. A reproducible evaluation of ANTs similarity metric 
performance in brain image registration. Neuroimage 54, 
2033-2044. 

Bancaud, J., Brune t-Bourgin, F., Chauvel, P., Halg ren, E., Bancaud, 
T. , 1994. Anatomical origin of deja vu and vivid “memories” in 
human temporal lobe epilepsy. Brain T17, 71-90 (Pap er is 
dedicated to the memory of J.). 

Barbeau, E., Wendling, F. , R egis, J., D uncan, R., Poncet, M., 
Chauvel, P., Bartolomei, F., 2005. Recollection of vivid memories 
after perirhinal region stimulations: synchronization in the theta 
rang e of spati all y distributed brain areas. Neurop s ychologia 43, 
1329-1337. 

Bar tolomei , F., Ba rbeau , E., Ga varet , M.^Guye, M., McGonig al, A., 
Regis, J., Chauvel, P., 2004. C ortical sti m ulatio n stud y of t he 
rol e of rhinal cortex in deja vu a n d reminis cence of me morie s. 
Neurology 63, 858-864. 

Baumgartner, T., Lutz, K., Schmidt, C.F., Jancke, L., 2006. The 
emotional power of music: how music enhances the feeling of 
affective pictures. Brain Res. 1075, 151-164. 

Bogenschutz, M.P., Forcehimes, A.A., Pommy, J.A., Wilcox, C.E., 
Barbosa, P.C.R., Strassman, R.J., 2015. Psilocybin-assisted 
treatment for alcohol dependence: a proof-of-concept study. 
J. Psychopharmacol. (Oxf.) 29, 289-299 http :/ /dx.do i. org/1 0. 
1177/0269881114565144. 

Bonny, H.L^ Pahnke, W.N., 1972. The use of m usic in psy chedelic 
(LSD) psychotherapy. J. Music Ther. 9, 64-87. 

Brewer, J.B., Zhao, Z., Desmond, J.E., Glover, G.H., Gabrieli, J.D. 
E., 1998. Making memories: brain activity that predicts how well 
visual experience will be remembered. Science 281, 1185-1187. 

Bu rwell, R.D., 2000. The par a hippocampal reg ion: corticocortica l 
connectivity. Ann. N. Y. Acad. Sci. 911, 25-42, 


Please cite this article as: Kaelen, M., et al., LSD modulates music-induced imagery via changes in parahippocampal connectivity. 
European Neuropsychopharmacology (2016), http://dx.doi.Org/10.1016/j.euroneuro.2016.03.018 



ARTICLE IN PRESS 


10 


M. Kaelen et al. 


Carhart-Harris, R.L., Erritzoe, D., Williams, T., Stone, J.M., Reed, 
L.J., Colasanti, A., Tyacke, R.J., Leech, R., Malizia, A.L., 
Murphy, K., et al., 2012a. Neural correlates of the psychedelic 
state as determined by fMRI studies with psilocybin. Proc. Natl. 
Acad. Sci. 109, 2138-2143. 

Ca rhart-Harris, R.L., Leech, R., Williams , T. M., Erritzoe, D. , Abbasi, 

N. , Bargiotas, T. , Hobden, P., Sharp, D.J., Evans, J., Feilding, A., 
et al., 2012b. Implications for psychedelic-assisted psychother- 
apy: functional magnetic resonance imaging study with psilocy- 
bi n. Br. J . Psychiatry_200, 238-244. 

Carhart- H arris, R.L., Leech , R., H ellyer, P.J., Shanahan , M., Feild- 
ing, A., Ta gliazucchi, E., Chialvo, D .R., Nutt, D., 2014. The 
en tropic b rain: a theory of conscious states in formed by 
neuroimaging research with psyche delic drugs. Front. Hum. 
N eurosc i. 8, 20. 

Castillo-Perez, S. , Gomez-Perez , V., Velasco, M.C., P erez-Cam pos, 
E., Mayoral, M.-A.,_2010. Ef fects of music therapy o n depression 
compared with psychotherapy. Arts Psychother. 37, 387-390. 

Catani , M. , Howard , R.J., Paj evic, S ., Jones, D.K., 2002. Virtu al 
in vivo interactive dissection of white matter fasciculi in the 
human brain. Neuroimage 17, 77-94. 

Cela da, P. , Pui g, M.V., Artigas, F., 2013. Serot onin mod ulatio n of 
cortical neurons and networks. Front. Integr. Neurosci. 7, 25. 

Chadwick, M.J., Mullally, S.L., Maguire, E.A., 2013. The hippocam- 
pus ext ra polates beyond t h e view in scenes: an fMRI stu dy of 
boundary extension. Cortex 49, 2067-2079. 

Coo per, J.M. , Vargha-Khadem, F. , Gad ian, D .G., M aguire , E.A., 
201 1 . The effect of hippocampal damage in children on recalling 
the past and imagining new experiences. Neuropsychologia 49, 
1843-1850. 

Cox, R.W.,_J996. AFNI: So ftware for analysis and visualization of 
fu nctional magnetic resonance neuroimage s. Co mput. Bio med. 
Res. 29, 162-173. 

Dale, A.M., Fischl, B., Sereno, M.I., 1999. Cortical surface-based 
anal ysis: I. segmentation and surfac e reco nstructi on. Neuro- 
Imag e 9, 17 9 -J94 . 

Ei chenbaum, H., Li pton, P.A., 2008. Towards a func tional organiza- 
tion of the m edial t empo ral lobe memory system: role o f the 
parahippocampal and medial entorhinal cortical areas. Hippo- 
cam pus 1 8, 1314-1324 . 

Epstein, R.A., 2008. Parahippocampal and retrosplenial contribu- 
tions to human spatial navigation. Trends Cogn. Sci. 12, 388-396. 

Erkkila, J., Punkanen, M., Fachner, J., Ala-Ruona, E., Pontio, I. , 
Tervaniemi, M., Vanhala, M., Gold, C., 2011. Individual music 
th erapy for de pressio n: rando mised controlled tria l. Br. J. 
Psychiatry 199, 132-139. 

E rritzo e, D., Frokjaer, V.G., Haugbol, S., Marner, L., Svarer, C., 
Holst, K., Baare, W.F.C., Rasmussen, P.M., Madsen, J. , Paulson, 

O. B., e t al., 2009. Brai n ser otonin 2A receptor b indin g: rel ations 
to bod y mass index, toba cco and alc ohol u se. Neur oimage 46, 
23-30. 

Ettrup, A., da Cunha-Bang , S., McMa hon, B., Lehel, S., Dys segaard, 
A., Skibsted, A.W., Jorg ense n, L.M., Hansen, M., Baandrup, A. 
O., Ba che, S., et al., 2014. Serotonin 2A recep tor agonist 
binding in the human bra i n with f l 1 C1Cimbi -36. J. Cere b. Blood 
Flow Metab. 34, 1188-1 196- 

Fink, G.R., Markowitsch, H.J., Reinkemeier, M., Bruckbauer, T., 
Kessl er, J., Heiss, W. -D. , 1996. Cere bra l representation of one's 
own past: neural networks involved in autobiographica l mem- 
or y. J. Neurosci. 1 6 , 427 5-4282. 

Friston, K., P enny, W., 201J_. Post hoc Bayesian mod el selection. 
Neuroimage 56, 2089-2099, 

Friston, K.J., Harrison, L., Penny, W., 2003. Dynamic causal 
modelling. Neuroimage 19, 1273-1302. 

Gasser, P., Holstein, D., Michel, Y., Doblin, R., Yazar-Klosinski, B., 
Passie, T. , Brenneisen, R., 2 014. Safet y an d efficacy of l ysergic 
acid diethylamide-assisted p sychotherapy for anxiety associated 
with life-threatening diseases. J. Nerv. Ment. Pis. 202, 513-520, 


Glenno n, R.A., Tit eler, M., McKenney,_J.D., 1984. E vidence fo r 5- 
HT2 involvement in the mechanism o f actio n of hallucin ogenic 
agents. Life Sci. 35, 2505-2511. 

Gosselin, N., Samson, S., Adolphs, R., Noulhia ne, M., Roy, M., 
Has boun, D., Bau lac, M . , Peretz, I. , 2006. Emotional res ponses 
to unpleasant music correlates with damage to the parah i ppo- 
campal cortex. Brain 129, 2585-2592, 

Grob, C.S. , Dan forth , A .L., Chopra, G.S. , 2011. Pil ot study of 
psilocybin treatment for a nxiety in patien ts with advanc ed- 
stage cancer. Arch. Gen. Psychiatry 68, 71-78, 

Grof, S., 1980. LSD Psychotherapy. 

H ardin g, A.J., Brpe, G.A., Halliday, G.M.,_2002. Visua l hallucin a- 
tions in Lewy body disease relate to Lewy bodies in the temporal 
lobe. Brain 125, 391 -403. 

Hensley- Judge, H., Quigg , M., Ba rbaro, N.M . , Newman, S.A., Ward, 
M.M. , Chan g, EJS, Br oshek, D.K., Lajmborn, K.R. , Laxer, K.D., 
Garcia, P., et al., 2013. Visual field defects after radiosurgery 
for mesial temporal lobe epilepsy. Epilep sia 54, 1 376-1380. 

Janata, P., 2009. The neural architecture of music-evoked auto- 
biographical memories. Cereb. Cortex 19, 2579-2594 http://dx. 
doi.org/10.1093/cercor/bhpQ08. 

Janata, P., Tomic, S.T., Rakowski, S.K., 2007. Characterisation of 
music-evoked autobiographical memories. Memory 15, 845-860, 

Jo, H.J., Saa d, Z.S., Simmons, W.K., Milb ury, L.A. , Cox, R.W. , 2010. 
Map ping so urces of correlatio n in res ting st ate FMR I, with 
artifact detection and removal. Neuroimage 52, 571-582. 

Jo, H.J. , Gotts, S.J., Rey nolds, R .C., Bande ttini, P.A., M artin , A., 
Cox, R.W., Saad , Z.S., 2 013. E ffective preprocessin g procedures 
virtually elimi n ate distance -de pendent m otion a rtifacts i n rest- 
in g state FMRI. J. Appl. Math. e93515 4. 

Johnson, M.W., Garcia-Romeu, A., Cosimano, M.P., Griffiths, R.R., 
2014. Pilot study of the 5-HT2AR agonist psilocybin in the 
treatment of tobacco addiction. J. Psychopharmacol. (Oxf.) 
28, 983-99 2 http://dx.doi.org/10.1177/0269881114548296. 

Jung, J., Hudry, J., Ryvlin , P. , Royet, J.-P., Bertrand, O. , Lachaux, 
J.-P.,_2006. Functiona l significance of olfactory-induce d oscilla- 
tions in the human amygdala. Cereb. Cortex 16, 1-8. 

Kaelen, M., Barrett, F.S., Roseman, L., Lorenz, R., Family, N., 
Bolstridge, M., Curran, H.V., Feilding, A., Nutt, D.J., Carhart- 
Harris, R.L., 2015. LSD enhances the emotional response to 
music. Psychopharmacology (Berl.) 23, 3607-3614. 

Koelsch, S., 2014. Brain correlates of music-evoked emotions. Nat. 
R ev. Neuros ci . 15, 170 - 1 80. 

Kometer, M ., Pokomy, T., Seifritz, E., V olleinweider, F.X., 2015. 
Psiloc ybin-i n duced spirit u al experiences and insig htf ulness are 
associate d with synchronization of neuron al oscillations. Psy- 
chopharmacology (Berl.) 232, 3663-3676. 

LaBar, K.S., Cabeza, R., 2006. Cognitive neuroscience of emotional 
memory. Nat. Rev. Neurosci. 7, 54-64. 

Li, B., Daunizeau, J., Stephan, K.E., Penny, W., Hu, D., Friston, K., 
2011. Generalised filtering and stochastic DCM for fMRI. Neuro- 
Image 58, 442-457. 

Libby, L.A., Ekstrom, A.D., Ragland, J.D., Rangana th, C., 2012. 
Differential connectivity of perirhinal and parahippocampal 
cortices within human hippocampal subregions revealed by 
high-resolution functional imaging. J. Neurosci. 32, 6550-6560. 

Megevand, P., Groppe, D.M., Goldfinger, M.S., Hwang, S.T., Kings- 
ley, P.B., D avidesco , I., Mehta, A.D., 2014. Seeing scenes: 
top ographic visual h alluci n ations evoked b y direct electrica l 
stimulation of the parahippocampal place area. J. Neurosci. 34, 
5399-5405. 

Mitterschiffthaler, M.T., Fu, C.H.Y., Dalton, J.A., Andrew, C.M., 
Willia ms, S.C.R., 2007. A fu nctiona l MR I study of happ y an d sad 
affective states induced by cl assic al music . Hum, BrajnJ^apjo. 
28, 1150-1162. 

Mohedano-Moriano, A., Pro-Sistiaga, P., Arroyo-Jimenez, M.M., 
Artacho-Perula, E., Insausti, A.M., Marcos, P., Cebada-Sanchez, 
S., Martinez-Ruiz, J., Munoz, M., Blaizot, X., et al., 2007. 


Please cite this article as: Kaelen, M., et al., LSD modulates music-induced imagery via changes in parahippocampal connectivity. 
European Neuropsychopharmacology (2016), http://dx.doi.Org/10.1016/j.euroneuro.2016.03.018 




ARTICLE IN PRESS 


LSD modulates music-induced imagery via changes in parahippocampal connectivity 


11 


Topographical and laminar distribution of cortical input to the 
monkey entorhinal cortex. J. Anat. 211, 250-260. 

Monroe, R.R., Heath , R.G., M ickle, W.A., Llewelly n, R.C.,_J957. 
Correla tion of rhinence phalic electrograms with behavior: a 
stud y of hum ans und er the infl uence of LSD and mesca line. 
Electroencephalogr. Clin. Neurophysiol. 9, 623-642. 

Morris, R., P etrides, M., Pandya, D.N., 1999. A rch i tecture a nd 
co nnectio ns of retrosplenial a rea 30 in the rhesus mo nkey 
(Macaca mulatto). Eur. J. Neurosci. 11, 2506-2518. 

M uthuku m araswamy, S .D., Carhart-Harris, R.L., Moran, R.J., 
Brookes , M.J., W illiams, T.M., Errtizo e, D., Sessa, B., Pap ado- 
poulos, A., Bols tridge, M., Sing h, K.D., et a l., 2013. Bro adband 
cortical d esynchro nizati on underlies the huma n psychedelic 
state. J. Neurosci. 33, 15171-15183. 

Nettl, Brun o, 195 6. Music i n Primitive Culture. Harvard University 
Press. 

Pazos, A., Probst, A., Pa lacios, J.M. , 19 87. Serotonin recep t ors in 
the_human brain-IV. Autoradiogra phic m appi n g of se rotonin-2 
receptors. Neuroscience 21 , 123-139. 

Penny, W.D., Stephan, K.E., M echelli, A., Friston, K.J., 2004. 
Comparing dynamic causal models. Neuroimage 22, 1 1 57-1 1 72. 

Powell, H.W.R., Guye, M., Parker, G.J.M., Symms, M.R., Boulby, P., 
Koep p, M.J., B arker, G.J., Du ncan, J.S., 2 004 . Noninvasive 
in vivo d emonst rat ion of t he connections of the huma n para- 
hippocampal gyrus. Neuroimage 22, 740-747. 

Po wer, J .D., Mitra, A., L aumann , T.O., Snyder, A.Z., Schlag gar, B. 
L., Petersen, S.E., 2014. Methods to detect, characterize, and 
remove motion artifact in resting sta te fMR I. Neuroima ge 84, 
320-341 . 

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gus nard, 
D.A., Shulman, G.L., 2001. A default mode of brain function. 
Proc. Natl. Acad. Sci. 98, 676-682. 

Rangana th, C., Ritchey, M., 2012. Two cortical systems f or memo ry- 
guided behaviour. Nat. Rev. Neurosci. 13, 713-726, 

Ramey, E.R., O'Doherty, D.S., 1960. Electrical Studies on the 
Unanesthetized Brain. AFCB Press, New York, NY. 

Riba, J., Anderer, P., Morte, A., Urbano, G., Jane, F., Saletu, B., 
Barbanoj, M.X, 2002. Topograp hic pharma co-EEG mapping of 
the effects of the South American psychoactive beverage 
ay ahuasca in h ealth y volunteers. Br. J. Clin . Pha rmacol . 53, 
613-628. 

Schwarz, B., Sem-Jacobsen, C.W., Petersen, M.C., 1956. Effects of 
mescaline, LSD-25, and ad ren oc hrom e on d epth electrograms in 
man. AAAA Arch. N eurol. Ps ychiatry 75, 579-587. 


Seraf etinides, E.A., 1965. The EEG effects o f LSD-25 in epileptic 
patie n ts before an d aft er tempo ral lobectomy. Psychoph arma- 
colog ia 7, 453 -460. 

Smith, A.P.R., Henson, R.N.A., Dolan, R.J., Rugg, M.D., 2004. fMRI 
correlates of the episodic retrieval of emotional contexts. 
Neuroimage 22, 868-878. 

Spreng, R. N., Mar, R.A., Kim, A. S.N., 2 009. The common neural 
basis of autobiographical memory, prospection, navigation, 
th eory of m ind, an d the defa ult mode: a quantitative meta- 
analysis. J. Cogn . Neurosci . 21 , 489-510. 

Studerus, E., Ga m ma, A., Kometer, M., Vollenweider, F.X., 2012. 
Prediction of psilocybin response in healthy volunteers. PLoS 
One 7, e30800. 

Sum merfield, C., Egner , T. , Man gels, J. , Hi rsch, J., 2006. Mi staki ng 
a house for a fac e : neural correlates of misperception in healthy 
humans. Cereb. Cortex 16, 500-508, 

Tag liazucch i, E., C arhart-Harris, R ., Leech, R., Nutt, D., Chialvo, D. 
R., 2014 . Enhanc e d repertoire of brain d yn amical s tates duri ng 
the psychedelic experience. Hum. Brain Mapp. 35, 5442-5456. 

T rost, W. , Ethofer, T. , Zentner, M., V uilleumier, P., 2012, Magging 
aesthetic musical emotions in the brain. Cereb. Cortex 22, 
2769-2783. 

Vann, ^S.D., Agglet on, JJ>, Maguire, E.A., 2009. What does the 
retrosplenial cortex do? Nat. Rev. Neurosci. 10, 792-802. 

Vignal, J.-P., MaiUard, L., Mc Gonig al, A., Ch auvel, P., 2007. The 
dreamy state: hal lucinations of aut obi ograp h ic memory evoked 
by temporal lobe stimulations and seizures. Brain 130, 88-99. 

Vollenweid er, F.X., Leende rs, K.L., Scharfett er , C., Maguire, P., 
Stadelmann, O., Angst, J., 1997. Positron emission tomography 
and fluorodeoxyglucose studies of metabolic hyperfrontality and 
psychopathology in the psilocybin model of psychosis. Neurop- 
sychopharmacology 16, 357-372. 

Vollenweider, F.X., Vollenweider-Scherpenhuyzen, M.F.I., Babler, 
A., Vogel, H., Hell, D ., 19 98. Psilocybin ind u ces s chi zophrenia - 
like psychosis in humans via a serotonin-2 ag onist actio n. 
[Miscellaneous Article]. Neuroreport 9, 3897-3902. 

Ward, A.M., Sch ultz, A.P., Huijbers, W., Van Dijk, K.R.A., Hedden, 
T., Sperling, R.A., 2014. The parahippocampal gyrus links the 
de fault-m ode cor tical ne twork wit h the medial tem poral lobe 
memory system. Hum. Brain Mapp. 35, 1061-1073. 

Ward, J., 2013. Synesthesia. Ann. Rev. Psychol. 64, 49-75. 

Zeidman, P., Mullally, S.L., Maguire, E.A., 2014. Constructing, 
pe rceiving, and maintaining scenes: h ippocamp al activity and 
connectivity. Cereb. Cortex 25, 3836-3855 http: //dx .doi .org/ 
10.1 093/cercor/bhu266. 


Please cite this article as: Kaelen, M., et al., LSD modulates music-induced imagery via changes in parahippocampal connectivity. 
European Neuropsychopharmacology (2016), http://dx.doi.Org/10.1016/j.euroneuro.2016.03.018 




